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We argue that the urvaton deay takes plae most naturally by way of a broad parametri resonane.
The mehanism is analogous to resonant inaton deay but does not require any tuning of the
urvaton oupling strength to other salar elds. For low sale ination and a orrespondingly low
mass sale for the urvaton, we speulate on observable onsequenes inluding the possibility of
stohasti gravitational waves
INTRODUCTION
The urvaton senario [14℄ provides an alternative mehanism for produing the primordial density perturbations.
The urvaton is a light eld whih is subdominant during ination but whose energy density will eventually beome an
important (if not atually the dominant) energy omponent in the universe. Beause of its lightness, during ination
the urvaton aquires utuations whih at the time of urvaton deay are transformed into urvature perturbations.
So far, the deay of the urvaton has mostly been treated as a perturbative proess, see e.g. [5, 6℄, where the
urvaton ondensate deays into relativisti partiles, determined by a rate Γ and ourring roughly when H ∼ Γ.
This happens at the stage when the urvaton eld is osillating about the minimun of its potential, whene it behaves
like pressureless dust so that its relative energy density grows with respet to radiation produed by the inaton
deay. The urvature pertubation indued by the urvaton deay is mostly adiabati but an give rise to a large
non-gaussianity [6, 7℄ if the urvaton energy density is too small
1
; this implies a lower limit on the fration of the
energy density in the urvaton ondensate at the deay time. Another generi feature of urvaton models with no
mixed inaton and urvaton perturbations is the small amplitude tensor perturbations [2, 6℄; this is a onsequene of
the low inationary sale required to keep the inaton perturbations negligible.
2
However, sine the urvaton is a oherently osillating ondensate, it is possible to exite other bose elds in
a regime of parametri resonane, in a manner similar to inationary preheating [10, 11℄. As a onsequene, the
urvaton deay proess ould have important osmologial ramiations for e.g. non-gaussianities, whih are known
to be enhaned [12, 13℄ in some preheating senarios, as well as for stohasti gravitational waves, as will be disussed
below. Preheating is a violent proess in whih the oupation numbers of elds oupled to the urvaton grow
exponentially. In eet, dense lumps of deay produts are reated very rapidly and randomly in the real spae,
and as these highly inhomogeneous onentrates of energy density ollide, there arise large-amplitude, high-frequeny
gravitational waves, as has been disussed reently [14, 15℄. These do not leave a signal on the CMB but ould possibly
be observed in urrent or future gravitational wave detetors suh as LIGO [16℄, LISA [17℄ or BBO [18℄.
In the present paper we study the possibility of preheating in generi urvaton models and explore the main
onsequenes of suh a senario (preheating has been disussed in the ontext of MSSM at diretion urvatons in
[19℄). Indeed, the urvaton has to ouple to other elds if it is to deay; if it ouples to other salars, then there
would be two options. Either the additional salars would be light and shifted from their minima during ination, in
whih ase they would simply be additional urvatons, or they ould be massive and driven to their minima. In the
rst ase one still would have to nd a way for the urvaton(s) to deay. However, in the latter ase there an arise a
parametri resonane during urvaton osillations with the ensuing rapid deay of the urvaton.
We nd that the preheating proess in the urvaton senario is qualitatively similar to the preheating after ination
although the resonane dynamis an be somewhat altered. This is beause the urvaton, unlike the inaton, ould
remain subdominant during the entire preheating stage. Moreover, in the senario studied here the bakreation
of the exited bose elds always beomes signiant at the end of preheating whereas in the standard inationary
1
Stritly speaking, this holds only for a quadrati urvaton potential, see [8℄.
2
See however [9℄ where it is demonstrated that the amplitude of CMB-sale tensor perturbations in the urvaton model an be diretly
proportional to the amount of the produed non-gaussianity due to seond order eets.
2ase the preheating may terminate already at an earlier stage. Sine the gaussian part of urvaton perturbations on
superhorizon sales is not aeted by preheating and the nal deay of the urvaton will eventually take plae in a
perturbative reheating proess, the possible preheating stage does not alter the standard preditions of the urvaton
model [6℄. However, interestingly enough we nd that preheating may generate stohasti gravitational waves with an
amplitude muh larger than the inationary tensor perturbations in the urvaton model, and we disuss the feasibility
of observing suh signatures of urvaton preheating. The study of the non-gaussianities is left for a future work.
THE INFLATIONARY PERIOD
Preheating, or resonant deay of the urvaton, may our in a large lass of urvaton models with several interating
salar elds, as we will now disuss. To illustrate the main features of the proess, let us onsider a very simple model
with the potential
V = V (φ) + V (σ, χ) , (1)
where φ is the inaton, σ is the urvaton and χ is an additional salar eld whih the urvaton deays into. Note that
χ should not be yet another urvaton. We assume that the inationary dynamis is ompletely determined by the
inaton eld, H∗ = H∗(φ), whih requires that the energy densities of the urvaton and the χ eld are muh smaller
than H2∗M
2
P. We also assume that all elds have anonial kineti terms.
Let us further assume that
V (σ, χ) =
1
2
m2σσ
2 +
1
2
g2σ2χ2 +
1
4!
λχ4 , (2)
where g . 1 and λ . 1 are some oupling onstants. For ertain eld and oupling values, both σ and χ ould at
as the urvaton but this is not the ase we wish to study here. We therefore onentrate on the regime where the
eetive mass of the χ eld is larger than the Hubble parameter gσ & H∗ and the ontribution to the urvaton mass
oming from the χ eld an be negleted χ ≪ mσ/g. In this ase the eld χ will not aquire perturbations during
ination and it simply represents a generi bose eld that is oupled to urvaton but will not itself at as a urvaton.
Under these assumptions, the value of the χ eld is driven towards zero exponentially fast during ination.
The urvaton is eetively massless during ination mσ ≪ H∗ and aquires perturbations proportional to the
Hubble parameter δσ ∼ H∗. In the standard senario where the urvaton is assumed to deay perturbatively at
some stage after ination, the amplitude of primordial urvature perturbations an be estimated by P1/2ζ ∼ rH∗/σ
[2, 6℄, where r ∼ ρσ/ρ measures the fration of the urvaton of the total energy density at the deay time. Sine the
urvaton is very light, its equation of motion is approximatively given by 3H∗σ˙ ≃ −m2σσ (for a disussion of urvaton
dynamis in various potentials, see [20℄). If ination lasts long enough, the urvaton will eventually roll down to the
region in its potential where the quantum eets overome the lassial drift, |σ˙| . H2∗ . The typial urvaton value
during ination in this ase is thus given by
σ∗ ∼ H∗
(
H∗
mσ
)2
. (3)
In the limit r ≪ 1, this yields an estimate
rosc ∼
(
mσ
MP
)2(
H∗
mσ
)6
(4)
for the urvaton ontribution to the total energy density at the beginning of osillations.
THE PARAMETRIC RESONANCE
Preheating in the urvaton model an take plae when the urvaton starts to osillate after ination and gives a
time dependent eetive mass for the χ eld that initially has a vanishing vev. The situation is analogous to the
standard ase of preheating in the onventional inationary models [10, 11℄. As usual, an eient preheating requires
broad resonane bands whih implies the ondition
q ≡ g
2σ2
4m2σ
≫ 1 (5)
3at the beginning of osillations. In our ase, this neessarily holds as a onsequene of the mass ondition for the χ
eld, g & H∗/σ, ombined with the lightness of the urvaton mσ ≪ H∗.
Depending on the fration of the energy density in the urvaton eld at the time of osillations, denoted as rosc,
there are two dierent possibilities for realizing the preheating stage. If the urvaton dominates the energy density
at the beginning of osillations with rosc ∼ 1, preheating proeeds exatly in the same manner as in the standard
inationary ase. In the opposite limit, rosc ≪ 1, the universe is not dominated by the osillating urvaton but by
the inaton deay produts assumed to be homogeneous radiation. This however leads only to minor dierenes as
ompared to the standard ase [11℄ as we will disuss below.
In the limit rosc ∼ 1 the universe is eetively matter dominated during the urvaton osillations. The time
evolution of the urvaton is given by
σ(t) =
σ∗
mσt
sin(mσt) ≡ σ¯ sin(mσt) , (6)
where σ¯ ∝ t−1 measures the amplitude of osillations. For deniteness, we hoose t0 = pi/(2mσ) as the beginning of
osillations and set a0 = 1. The initial amplitude is then given by σ¯ = 2σ∗/pi, where σ∗ is the value during ination.
Using a resaled eld variable Xk = a
3/2χk, the equation of motion for the χ eld in Fourier spae reads
X¨k +
(
k2
a2
+ g2σ2
)
Xk = 0 , (7)
where terms proportional to H2 ≪ g2σ2 and the small ontribution from the quarti term in (2) have been negleted.
The solutions an be formally written as
Xk(t) =
αk(t)√
2ω
e−i

t ωdt +
βk(t)√
2ω
ei

t ωdt , (8)
and the oupation number of a given mode is determined by nk = |βk|2. In the broad resonane regime, the
oupation numbers nk remain onstant for most of the time sine the mass of the χ eld is slowly varying and muh
larger than the urvaton mass mσ [11℄. However, as the osillating urvaton rosses the origin during eah yle of
osillation, the χ eld beomes eetively massless and its frequeny ωk =
√
(k/a)2 + g2σ2 hanges in a non-adiabati
fashion ω˙k & ω
2
k. This an lead to opious prodution of χ partiles via a resonant deay of the urvaton ondensate.
The partile prodution takes plae at very short time intervals around times tn dened by σ(tn) = 0. The urvaton
value in the viinity of these intervals an be approximated by |σ| ≃ σ¯nmσ(t− tn). By substituting this into (7), the
equation of motion beomes
d2Xk
dτ2
+ (κ2n + τ
2
n)Xk = 0 , (9)
where we have introdued the variables k∗ ≡ √gmσσ¯, κn = k/(ak∗), τn = k∗(t− tn) and all the time arguments not
expliitly written out are understood to be evaluated at tn. The solutions for this equation are paraboli ylinder
funtions W (−κ2n/2;±
√
2τn). By omparing them in the subsequent adiabati regimes tn−1 < t < tn and tn < t <
tn+1 one an estimate the hange of oupation numbers nk around the times tn when the system is non-adiabati.
In the limit of large oupation numbers, nk ≫ 1, the result is given by [11℄
nn+1k = n
n
k exp(2piµ
n
k ) , (10)
where 2piµnk = ln(1 + 2e
−piκ2
n − 2sinθn e−piκ2n/2
√
1 + e−piκ
2
n ) and θn is a phase fator that is essentially a random
variable for eah resonane time tn. This is why preheating in an expanding spae has a stohasti nature.
The system formally desribes sattering of waves in a paraboli potential. Eah resonane time tn, when the
urvaton hits the origin, orresponds to a sattering event and hanges the oupation numbers of the χ modes. The
hanges an be signiant in the regime piκ2n . 1 whih orresponds to the momentum band
k2
a2(tn)
.
k2∗(tn)
pi
=
gmσσ¯n
pi
. (11)
On average, the oupation numbers grow exponentially in this band, although the exponent µk in (10) an also be
negative for some sattering events tn, and the omoving partile number density as a funtion of time an estimated
as
n(t) =
1
(2pia)3

d3k nk(t) ∼ 10−3 k
3
∗
a3
√
µmσt
e2µmσt . (12)
4Here µ is the maximum of the eetive growth index µeffk obtained from equation (10) by dening µ
eff
k t =
 t
dtµk(t).
As the modes of the χ eld grow exponentially, the term g2χ2σ2 in the urvaton potential beomes omparable to the
mass term m2σσ
2
and the bakreation eets whih eventually terminate the resonane need to be taken into aount.
The bakreation beomes important [11℄ when the number density of χ partiles (12) grows to n(tbr) ∼ m2σσ¯/g whih
yields an equation
tbr ∼ 1
4µmσ
ln
(
106µm4σt
3
br
g5σ∗
)
, (13)
from whih tbr an be solved. The ondition for broad resonane (5) beomes violated when gσ¯(tf) ∼ mσ, whih
yields
tf ∼ gσ∗
m2σ
&
H∗
m2σ
. (14)
The last inequality follows from the ondition g & H/σ whih is required to keep χ massive during ination. The
bakreation generially takes plae muh before the end of broad resonane sine the above equations yield tbr ≪ tf
for mσ/H∗ . 10
−2
, assuming the urvaton value during ination is given by equation (3). The interation between
the urvaton ondensate and the χ partiles breaks the ondensate into urvaton partiles whih eventually ome to
dominate over the χ partiles [11℄. As usual, preheating needs to be followed by a reheating stage whih eventually
yields the hot big bang era. The simplest assumption [11℄ is that preheating just prepares slightly dierent initial
onditions for the reheating stage during whih the urvaton deays into standard model elds. In this ase the
standard preditions of the urvaton senario for the gaussian part of density utuations remain largely unaltered. It
is possible though that the non-thermal epoh after preheating ould signiantly aet the piture and lead to serious
onstraints on the urvaton senario; this question should be addressed numerially by studying the thermalization
proess. However, even if the gaussian density utuations would not be aeted, urvaton preheating leads to
prodution of gravitational waves whih ould be detetable as disussed below. In addition, although we do not
disuss this possibility further here, we note that preheating ould also generate a signiant level of non-gaussian
density perturbations as an happen in the usual inationary ase [12, 13℄.
If the urvaton is subdominant at the beginning of osillations, rosc ≪ 1, the above disussion gets slightly modied
but the qualitative results remain the same. The exat time evolution of the urvaton in the radiation dominated
bakground is given by Bessel funtions but the solution is well approximated by
σ(t) ≃ σ∗
(mσt+
pi
8
)3/4
sin
(
mσt+
pi
8
)
. (15)
This diers from the matter dominated ase (6) only by a phase and the slightly slower derease of the amplitude
σ¯ ∝ t−3/4. It is therefore rather evident that the analysis of preheating will not signiantly dier for the matter
dominated ase. The equation of motion for the χ eld an be expressed exatly in the same form as equation (9)
exept that the time evolution of the variables κn and τn diers from the matter dominated ase due to the dierent
evolution of the sale fator a(t) and the urvaton amplitude σ¯. This does not aet the stohasti nature of the
suessive satterings at times tn and the oupation numbers of the χ eld grow essentially at the same rate as
before. We therefore expet that the number density of χ partiles in the rosc ≪ 1 limit an be estimated by the
same equation (12) as in the ase rosc ∼ 1. This onlusion an be heked by solving the equations of motion for the
urvaton and the χ eld numerially. As illustrated in Fig. (1), the results in the matter and radiation dominated
ases indeed oinide quite preisely in the regime where the bakreation of χ partiles an be negleted. The time
when the number density of the χ partiles has grown large enough to yield a signiant bakreation an be estimated
as before using equation (12) and the ondition n(tbr) ∼ m2σσ¯/g. Due to the smaller suppression by the sale fator
in (12), the bakreation will our slightly earlier than in the matter dominated ase, as also seen in Fig. (1), but
the eet is very small. In analyzing the dynamis after the onset of bakreation, the expansion of the universe an
be negleted [11℄ and the radiation domination should not aet the situation here either.
GRAVITY WAVES
Sine the deay of the urvaton an take plae in a regime of parametri resonane, as was demonstrated above, it
is natural to expet that gravitational waves will also be produed when it ours. Indeed, the physis is similar as
in the inationary preheating: an osillating eld exites the prodution of partiles in other bose elds at the times
50 5.´1011 1.´1012 1.5´1012 2.´1012
t
-70
-60
-50
-40
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FIG. 1: Comparison of resonant deay of the urvaton in radiation and matter dominated bakgrounds. The gure shows lnn
for the χ eld in the ases r=1 (dashed lines) as well as r < 1 (solid lines). It also shows the limits above whih bakreation
beomes important in both ases. The parameters for these plots are (MP = 1), m = 10
−10
, g = 10−4, and σ∗ = 0.0002. The
onset of bakreation takes plae after about 30 - 35 osillations of the urvaton whih orresponds to growth index µ ≃ 0.07.
when their eetive frequenies hange non-adiabatially. Aording to [15℄, in suh irumstanes the generation of
gravitational waves is inevitable. In what follows we make extensive use of the analysis in [15℄ whih an be diretly
applied to our ase with appropriate modiations.
Let us rst reiterate the salient features of prodution of stohasti gravitational waves, whih an be represented
as the transverse-traeless part of the metri perturbations
ds2 = a2(η)
[−dη2 + (δij + hij) dxidxj] , (16)
where ∂ihij = hii = 0 and dη = a
−1dt. Gravitational waves are soured by the transverse-traeless part of the energy
momentum tensor T TTij
3
∂2η h¯ij(k) +
(
k2 − ∂
2
ηa
a
)
h¯ij(k) = 16piGa(η)T
TT
ij (k) , (17)
where h¯ij = ahij . In the ase of radiation domination ∂
2
ηa = 0 so equation (17) an be solved with the appropriate
Green funtions of the harmoni osillator. Sine we will be onsidering modes with k ≫ aH the same applies to a
good approximation for the matter dominated ase. The energy density in gravitational waves for subhorizon modes
an then be written as [15℄
ρgw =
1
32piGa4
〈∂ηh¯ij∂ηh¯ij〉 . (18)
Considering the gravitational waves being produed up to a time ηf we have(
dρgw
d ln k
)
η>ηf
=
Sk(ηf)
a4(η)
, (19)
where Sk for a universe lled with a salar eld χ reads
Sk(ηf) =
2G
pi
k3

d3p
(2pi)
3
p4 sin4
(
kˆ, pˆ
){∣∣∣∣
 ηf
dη a(η) cos(kη)χk(η)χ|k−p|(η)
∣∣∣∣
2
+
∣∣∣ cos(kη)↔ sin(kη)∣∣∣2
}
. (20)
3
We are onsidering here lassial gravitational waves generated by the motion of matter and not vauum utuations amplied by the
osmi expansion.
6Here (kˆ, pˆ) is the angle between the unit vetors and the fators sin(kη) and cos(kη) ome from the harmoni osillator's
Green funtions. Taking into aount the expansion of the universe from ηf , the present day energy density spetrum
of the gravitational waves beomes
Ωgwh
2 =
Sk(ηf)
a4oscρosc
(
g0
gosc
) 1
3
Ωr0h
2 , (21)
where we have assumed radiation domination, rosc ≪ 1, throughout the generation of gravitational waves for simpliity,
g refers to the number of relativisti speies and Ωr0h
2
is the energy density of radiation today.
Aording to equation (11) the typial physial momenta amplied during preheating are k∗ ∼ mσq1/4 and the
gravitational wave signal will also be peaked around k∗. The orresponding frequeny today is [15℄
fk ∼ k∗
ρ
1/4
p
1010Hz ∼ g1/2r1/4osc a3w/4p 1010Hz (22)
where the subsript "p" refers to the time when the peak was formed and w is the equation of state parameter,
w = 1/3 for rosc ≪ 1 and w = 0 for rosc ∼ 1. The sale fator at the beginning of osillations has been normalized to
unity as before. Using equation (4), whih holds for models where the urvaton value during ination is given by (3),
and taking into aount the onstraint gσ∗ ≫ H∗ required to keep χ massive, one nds the bound
fk &
√
H∗
MP
1010Hz . (23)
The frequenies aessible to diret detetion experiments range from f ∼ 10−4Hz (LISA) to f ∼ 103Hz (LIGO).
Aording to equation (23), the gravitational waves produed in the urvaton preheating an t this observable window
only if the inationary sale is low enough. If the urvaton would deay perturbatively and if there are no signiant
hanges in its eetive mass after ination, the inationary sale is onstrained byH∗ & 10
7GeV [21℄. This would yield
fk & 10
4Hz whih unfortunately slightly esapes the observable window. However, equation (23) is a rather rude
estimate and a proper numerial omputation is required to really nd out the atual frequeny of the gravitational
waves. Moreover, the bound H∗ & 10
7GeV does not diretly apply here sine the eetive urvaton mass inreases
during the non-linear stages of preheating and the highly non-thermal epoh after the end of preheating may also
signiantly aet the expansion history of the universe as ompared to the perturbative urvaton deay.
Having disussed the frequenies of the gravitational waves, we are now ready to return to the question of their
amplitude. Conentrating rst on the linear regime where the bakreation of χ partiles an be negleted, we may
use equation (20). Gravity waves will only be produed when the frequeny of the χ modes varies non-adiabatially,
near the zeros of the osillatory urvaton. Near those zeros the equation of motion for the χ eld is given by (9)
(remember X = a3/2χ) and its solutions are paraboli ylinder funtions W (−κ2n/2;±
√
2τn)
Xnk = A
n
kW (−κ2n/2;
√
2τn) +B
n
kW (−κ2n/2;−
√
2τn) . (24)
This may be mathed to the adiabati solutions (8) in the region where the two solutions overlap. Assuming that the
oupation numbers (10) always grow with the fastest possible rate, this yields up to a phase fator [15℄
Xnk =
√
21/2
ξk
βnk√
k∗
W (−κ2n/2;−
√
2τn) , (25)
where ξk ≡
√
1 + e−piκ2 − e−piκ2/2. Using this form and swithing to the omoving time in (20) we nd
Sk(τf) =
m6G
8pi3q a6(τf)
K3
1

−1
du
(
1− u2)2  dPP 6ξp ξ|k−p| np (τf)n|k−p|(τf) (I2c + I2s ) , (26)
where K = k/mσ and Is, Ic are integrals of the paraboli ylinder funtions. Exept for the prefators in front of the
integral and the exat behaviour of the oupation numbers, this result oinides with equation (78) in [15℄ derived
for the gravitational waves produed in the linear regime of preheating after λφ4 ination.
Ignoring the dierenes in nk for a while, we may then relate the amplitude of the gravitational waves (21) obtained
in [15℄,
(
Ωgwh
2
)
λφ4
, to the amplitude in our ase as
Ωgwh
2 ∼ 1027
(
mσ
MP
)4 (
Ωgwh
2
)
λφ4
, (27)
7where subleading ontributions oming from dierent values (and powers) of the sale fator and q have not been
inluded. For a urvaton mass at the TeV sale, the amplitude in (27) is suppressed at least by a fator ∼ 10−33 or
so when ompared to
(
Ωgwh
2
)
λφ4
. From gure 5 of [15℄ one nds
(
Ωgwh
2
)
λφ4
. 10−13 for the linear regime in λφ4
preheating. Using this in (27), we see that the amplitude is hopelessly below the lower limit of observational sensitivity
Ωgwh
2 ∼ 10−18 (BBO). This onlusion holds even when dierenes in the oupation numbers between our ase and
the λφ4 model are taken into aount. Assuming that both models would exhibit similar eetive growth rates µ
but the number of osillations would be larger by a fator ∆N in the urvaton ase, the oupations numbers in the
urvaton preheating would be enhaned by a fator exp(4piµ∆N) as ompared to the λφ4 ase. This would enhane
the amplitude (27) by exp(8piµ∆N) but it would still be diult to ompensate for the suppression (mσ/MP )
4
in
(27). For example, for the ase µ ≃ 0.07 shown in Fig. (1) one would need ∆N & 37, whih is more than the number
of osillations taking plae during the linear stage, to limb above the threshold Ωgwh
2 ∼ 10−18. We therefore expet
that no diretly observable gravitational waves will be produed in the linear regime of the urvaton preheating.
However, the non-linear stages that follow the linear part of the resonane an give rise to signiant prodution
of gravitational waves and the dominant ontribution to the total energy density of gravitational waves is typially
generated during this stage [14, 15℄. Moreover, the non-linear stages are partiularly important in the urvaton model
sine the bakreation eets always beome important at the nal stages of preheating as disussed above. Aording
to [15℄, the gravitational wave amplitude from these stages as observed today an be estimated as
Ωgwh
2 ∼ 10−6(RpHp)2 , (28)
where Rp is the harateristi physial sale where parametri resonane is eient and Hp is the expansion rate at
the time when it ours. Setting Rp ∼ 1/k∗ and using equations (3) and (4) we nd
Ωgwh
2 ∼ 10
−6
gx2
(
mσ
H∗
)3
.
10−6
x2
mσ
H∗
(29)
where we have dened x ≡ m/Hp and also used the ondition gσ∗ ≫ H∗ in the last step. The parameter x is
proportional to the number of osillation yles and ontributes a fator of few tens. The amplitude of the gravitational
waves is therefore typially large enough to be in the detetable range, provided that the mass of the urvaton is
not vastly smaller than the inationary sale H∗. Curvaton models with a suiently low inationary sale, required
to fulll the frequeny ondition (23), might therefore produe a detetable signal of stohasti gravitational waves.
This is an interesting outome in light of supersymmetri models [22℄, for example, where the natural urvaton mass
would be around the TeV sale. If the inationary sale is not too muh higher, these models ould yield diretly
observable gravitational waves. However, in order to really onrm the qualitative outome as well as to nd out the
exat relation between properties of the gravitational waves and the urvaton mass and inationary sale, one would
need to resort to a numerial study.
DISCUSSION
Up to now, disussions of urvaton dynamis have mostly foused on perturbative deay of the urvaton ondensate.
Here we point out that if the urvaton is about to deay diretly into bosoni degrees of freedom, it is highly likely
that there will be a non-perturbative preheating stage before the perturbative deay and reheating. The urvaton
preheating is qualitatively similar to the onventional inationary preheating although minor dierenes an arise
due to the fat that the urvaton does not need to dominate the universe during the preheating stage. We have also
found that the end of the urvaton preheating is always dominated by the eets of bakreation of the amplied
light bose elds. This is dierent from the inationary ase, where the importane of the bakreation depends on the
parameters. Although we have not disussed the details of bakreation, we expet to nd no signiant dierenes as
ompared to the inationary ase here either. This is beause the possible dierenes between the urvaton preheating
and the inationary preheating stem from dierenes in the expansion of the universe whih are unimportant for the
nal stages of preheating. However, to omplete the analysis, one should study numerially the thermalization of
the universe after the end of preheating. Sine the urvature perturbations generated in the urvaton senario are
sensitive to the evolution history before the urvaton deay, these stages might potentially aet even the gaussian
perturbations and therefore yield interesting onstraints on the urvaton model itself.
Numeris is also needed to resolve the issue of stohasti gravitational waves. Based on simple estimates we have
postulated that models with a suiently low inationary sale ould produe gravitational waves with diretly
detetable frequenies and amplitudes. For example, supersymmetri models [22℄ with the urvaton mass around the
8TeV sale ould give rise to observable gravitational waves provided that the inationary sale is not several orders
of magnitude higher. However, our results are still preliminary and a full numerial simulation, subjet to a future
researh, is required before any rm onlusions an be drawn.
Likewise, the possible enhanement of the non-gaussianities in urvaton preheating is best addressed by numerial
simulations. Sine urvaton preheating is very similar to the inaton preheating, we may expet enhanements
similar as has been found numerially by Chambers and Rajantie [13℄. It therefore seems that urvaton deay by
a parametri resonane, in addition to being a natural stage in the urvaton senario, ould also have interesting
observational onsequenes.
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